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The potential for reducing the occurrence of shallow landslides through targeted reforestation of critical
parts of a river basin is explored through mathematical modelling. Through the systematic investigation
of land management options, modelling allows the optimum strategies to be selected ahead of any real
intervention in the basin. Physically based models, for which the parameters can be evaluated using
physical reasoning, offer particular advantages for predicting the effects of possible future changes in land
use and climate. Typically a physically based landslide model consists of a coupled hydrological modelcuador
andslides
odelling
odel uncertainty
eforestation
iver basin
(for soil moisture) and a geotechnical slope stability model, along with an impact model, such as basin
sediment yield. An application of the SHETRANmodel to the 65.8-km2 Guabalcón basin in central Ecuador
demonstrates a technique for identifying the areas of a basin most susceptible to shallow landsliding and
for quantifying the effects of different vegetation covers on landslide incidence. Thus, for the modelled
scenario, increasing root cohesion from 300 to 1500Pa causes a two-thirds reduction in the number of
landslides. Useful information can be obtained even on the basis of imperfect data availability but model
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. Introduction
It has long been known that a well developed forest cover mini-
izes the occurrence of shallow landslides on steep hillslopes (e.g.
ice et al., 1969; Sidle et al., 1985; Pearce et al., 1987). Neverthe-
ess, anthropogenic pressure has caused extensive elimination of
atural forests fromhillslopesworldwidewhile clear felling associ-
ted with forestry operations regularly removes all tree cover from
arge areas of hillslope. The result is an increase in the incidence of
hallow landslides and debris flows, in soil erosion and in the injec-
ion of sediment into river systems (e.g. Amaranthus et al., 1985;
idle et al., 1985; Guthrie, 2002; Dhakal and Sidle, 2003; Keim and
kaugset, 2003; Sidle and Ochiai, 2006). The subsequent impacts,
ncluding loss of soil fertility, blocked transport corridors, river and
eservoir sedimentation, deterioration of aquatic habitat and threat
o human life, can have major social, economic and environmen-Please cite this article in press as: Bathurst, J.C., et al., Modelling the ef
Ecol. Eng. (2009), doi:10.1016/j.ecoleng.2009.05.001
al repercussions (e.g. Larson and Albertin, 1984; Tejwani, 1984;
essel, 1985; Dhital, 2003; López et al., 2003; Sidle and Ochiai,
006). There is a strong interest, therefore, in ways of minimiz-
ng the increased landslide occurrence. In particular, just as forest
∗ Corresponding author. Tel.: +44 191 246 4878; fax: +44 191 246 4961.
E-mail address: j.c.bathurst@ncl.ac.uk (J.C. Bathurst).
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oi:10.1016/j.ecoleng.2009.05.001refully in the light of parameter uncertainty.
© 2009 Elsevier B.V. All rights reserved.
emoval is seen as a cause of the problem, so the re-introduction
r maintenance of forest cover is a possible solution (e.g. Lu et al.,
001; Vanacker et al., 2007).
A natural spatial scale at which to consider landsliding, its
mpacts and its control is the river basin. In some cases it is possible
o control erosion by reforesting an entire basin (e.g. Douguédroit,
981; Lukey et al., 2000). However, it is unrealistic to expect this
t a large scale in areas where people rely on the land for their
ivelihoods. On the other hand, landslides do not normally occur
niformly across a basin; typically they are concentrated in crit-
cal areas of topography, soil and land use. It has therefore been
roposed that reforestation of only small parts of a basin, care-
ully targeted, could produce a disproportionately large reduction
n landslide occurrence and sediment yield (e.g. Reid and Page,
002).
Testing this hypothesis by field trials would take many years.
athematical modelling, though, offers the possibility of a system-
tic investigationofdifferent landmanagement strategies, allowing
he most effective locations, size of area and even plantation den-fect of forest cover on shallow landslides at the river basin scale.
ity for reforestation to be identified rapidly. This paper therefore
xamines basin scale landslide modelling and its use in assessing
he impact of forest cover on slope stability. There is rather lim-
ted literature on the topic and the paper responds to the need to
rovide potential practitioners with background information and
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xample applications. Its aim is to review current capability and
o provide an introduction for those who have a limited familiarity
ith the topic, rather than to develop the topic further. It therefore
egins with basic statements on the significance of the river basin
cale, the role of modelling and the processes by which vegetation
over affects landslide occurrence. It then addresses in more detail
he modelling requirements, especially the type of model needed
o represent land use change impacts, and describes the features of
ne particular model (SHETRAN), including its limitations and its
etting in the context of other models in the literature. The use of
he model to quantify the effect of targeted reforestation on land-
lide occurrence is illustrated for a focus site in Ecuador. Some final
omments are provided on future research directions.
. The river basin
The river basin or drainage area is the natural hydrological unit,
or which it is possible to determine balances between the major
onstituent fluxes of rainfall, evaporation and river discharge, along
ith groundwater storage. All the processes and events that occur
n a basin influence the fluxes ofwater, sediment and contaminants
t thebasinoutlet and thosefluxes are therefore an integrationof all
pstream processes and events. Shallow landslides are hydrologi-
ally driven and the basin is therefore an appropriate spatial scale
t which to study not only their onsite impacts on the hillslope
ut also their offsite impacts such as channel and reservoir sedi-
entation. Studies in New Zealand, for example, show landslides
ontributing significantly to the basin scale sediment yield (Hicks
t al., 2000; Reid and Page, 2002). The larger basin (of area greater
han 100km2) is also an appropriate scale at which to account for
andslide impacts in regional scale hazard mapping (Guzzetti et al.,
999) and in landscape modelling (Claessens et al., 2007). More
enerally, the basin scale is convenient for quantifying the hydro-
ogical, sediment yield and hazard effects of land use and climate
hange.
. Basin scale modelling
A mathematical model is a simplified representation of a river
asin and hydrological processes, used for simulating and predict-
ng hydrological events and their consequences (e.g. Clarke, 1973).
n the one hand, a model is a means of testing our understanding
f the processes, and the integration of processes, responsible for
he hydrological behaviour of a basin. If a model produces results
omparablewith theobservation, thenourunderstanding is at least
onsistent with reality for the observed conditions and the model
s presumed to be valid for those conditions. If there is a discrep-
ncy between model output and observation, our understanding is
eficient and requires further development.
On the other hand, models can be used for a range of practical
urposes. Of relevance to this paper is the capability to carry out
ystematic investigations of different land management strategies
or minimizing landslide incidence and impact, enabling the opti-
um strategy to be determined in advance of any real intervention
n the basin. Similarly, models can be used to identify the critical
ocations for landslide occurrence, the spatial extent of such areas
nd the degree to which tree plantation could reduce landslide
ccurrence.Please cite this article in press as: Bathurst, J.C., et al., Modelling the ef
Ecol. Eng. (2009), doi:10.1016/j.ecoleng.2009.05.001
. Effect of tree cover on shallow landsliding
The effect of tree cover on hillslope stability is well documented
e.g. Sidle et al., 1985; Greenway, 1987; Sidle and Ochiai, 2006).
n the mechanical side, trees stabilize the soil layer through the
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inding action of their roots, which provide considerable appar-
nt cohesion. Tree weight (surcharge) acts to destabilize the slope
ut its effect is usually relatively minor compared with that of soil
eight and root-binding. On the hydrological side, the relatively
igh interception evaporation and transpiration of trees reduces
oil moisture content and thus the pore water pressure which is
ritical for landslide occurrence. A greater amount of rainfall is then
eeded to trigger landslides. Against this effect, the relatively high
orosity of forest soils may allow fast saturation of the deeper soil
ayers. Tree cover also influences snowaccumulation andmelt rates
nd thus the spatial distribution andmovement ofwater in the soil.
Change to the vegetation cover is one of the principal means
y which human activity affects slope stability. Increases in land-
lide incidence following logging or deforestationhave beenwidely
eported (e.g. Amaranthus et al., 1985; Sidle et al., 1985; Guthrie,
002).
. The modelling challenge
In viewof the foregoing, the challenge to themodeller is to simu-
ate shallow landslides and debris flows, along with their sediment
ield, as a function of:
spatially and temporally varied rainfall and snowmelt (as the trig-
gers);
land use (to provide the root-binding and evaporation effects of
vegetation);
spatial variation in topography, vegetation properties and soil
properties (to be relevant at the basin scale).
Some of the difficulties and the state of the art are reviewed by
ollison and Griffiths (2004) and Sidle and Ochiai (2006).
A range of modelling approaches is available, including:
empirical models, calibrated from measurements, e.g. threshold
curves which indicate whether or not landslides may occur;
statistical methods, such as discriminant analysis, which identify
statistically those basin properties which correlate positively or
negatively with landslide occurrence;
physically based slope stability analysis, which accounts for the
main determining mechanisms using the fundamental equations
of physics.
This paper is concerned with the physically based approach.
. Physically based models
Physically based models are based on the fundamental equa-
ions of physics, such as the equations of mass, momentum and
nergy conservation, and theoretically and experimentally derived
elationships (such as the infinite-slope, factor-of-safety equation
or slope stability). Unlike empirical models, their parameters have
physical meaning (such as soil cohesion and vegetation aero-
ynamic resistance). These parameters can therefore be changed
sing physical reasoning and experimental data to represent an
ltered state of the catchment. For example, a catchment could be
odelled with its current forest cover (with typical parameter val-
es suchas a lowaerodynamic resistanceof 5 sm−1); thevegetation
arameters could then be changed to represent grass cover (whichfect of forest cover on shallow landslides at the river basin scale.
as, for example, a typically higher resistance of perhaps 50 sm−1)
nd the simulation repeated to investigate the effect of the land use
hange.
To illustrate the point further, a comparison is presented of
mpirical and physically based models. An empirical threshold
ARTICLE IN PRESSG ModelECOENG-1497; No.of Pages11
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SHETRAN is a physically based, spatially distributed, basinig. 1. (a) Schematic diagram of the SHETRAN model; (b) an example of a SHETRA
old lines; (c) the relationship between the SHETRAN grid (in bold) and the landslid
ediment transport model and the landslide erosion and sediment yield componen
odel is created from measurements taken over a period of time of
he rainfall characteristics forwhich landslides do and do not occur.
curve is then calibrated as
= aD−b (1)
here I=mean stormrainfall intensity andD= stormduration, such
hat combinations of intensity and duration lying above the curve
ould be expected to trigger landslides while combinations below
ould not (e.g. Caine, 1980). The equation might apply well to cur-
ent conditions in a given region. However, the coefficient a and
xponent b have no physical meaning; they are simply derived
n the calibration process. Therefore, there is no objective way in
hich to alter them so as to represent a change in climate, land use
r region.
By contrast the physically based model of soil shear strength
theMohr–Coulomb equation) contains parameterswith a physical
eaning:
= c′ + cr + ( − u) tan′ (2)
here s= soil shear strength, c′ =effective soil cohesion, cr = root
ohesion,  =normal stress, u=pore water pressure and
′ =effective angle of internal friction. The parameters can be
easured at a site or even quantified approximately using data
rom the literature. For example, measurements show that root
ohesion varies from a few hundred Pascals for grass to aroundPlease cite this article in press as: Bathurst, J.C., et al., Modelling the ef
Ecol. Eng. (2009), doi:10.1016/j.ecoleng.2009.05.001
0kPa for some tree types (e.g. Preston and Crozier, 1999; Sidle and
chiai, 2006, pp. 103–104). Objective changes in parameter values
an therefore be made, giving physically based models particular
dvantages in predicting the impacts of possible future changes in
atchment conditions.
h
e
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w
sdel grid showing spatial variability in elevation and the river channel network in
rid network (fine lines); (d) the relationship between the SHETRAN hydrology and
As physically based models tend to be run as continuous sim-
lation models over periods of years (rather than as single event
odels), they also have an advantage in being able to generate the
ppropriate antecedent soil moisture conditions for a landsliding
vent.
Physicallybased, spatiallydistributed landslidemodels typically
ave the following composition:
a coupled hydrological model (providing the soil moisture
conditions) and geotechnical stability model (typically the
one-dimensional infinite-slope model) to simulate landslide
occurrence on a spatially distributed basis and as a function of
time-varying soil moisture conditions;
an impact model, such as debris flow patterns or landslide sed-
iment yield, to provide offsite impacts in addition to the onsite
impacts represented by the landslide occurrence map produced
by the above simulation;
a basis in digital elevation model and geographical information
system technologies.
. The SHETRAN modelfect of forest cover on shallow landslides at the river basin scale.
ydrology, sediment transport and contaminant transport mod-
lling system (Ewen et al., 2000) (Fig. 1a). Of relevance to this paper,
HETRANprovides the hydrological and sediment transport frame-
ork for simulating rain- and snowmelt-triggered landsliding and
ediment yield. In particular it simulates:
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gullies, and the representation of local slope angle. Further, lack of
data may limit the ability to represent the local spatial variability
in soil properties and other conditions which allows a landslide toARTICLECOENG-1497; No.of Pages11
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the land phase of the hydrological cycle, accounting in a fully
integrated way for vegetation interception and transpiration,
snowmelt, overland flow, variably saturated subsurface flow and
river/aquifer interaction;
sediment yield as a function of soil erosion by raindrop impact
and overland flow and transport by overland and channel flow;
shallow landsliding and the resulting sediment yield.
Full details of the hydrology and sediment transport compo-
ents are given in Bathurst et al. (1995), Wicks and Bathurst (1996)
nd Ewen et al. (2000) and are therefore not repeated here. Details
f the equations and data needs of the SHETRAN landslide model
re also available elsewhere (Burton and Bathurst, 1998) and there-
ore only the following summary is presented, drawn fromBathurst
t al. (2005, 2006, 2007). The occurrence of shallow landslides
s determined as a function of the time- and space-varying soil
aturation conditions simulated by the hydrology model, using
he one-dimensional infinite-slope, factor-of-safety equation. This
ncludes allowance for the effect of vegetation root cohesion. How-
ver, in line with observation and theory (e.g. Sidle et al., 1985)
hallow landslides are not simulated for slopes of less than 25◦. For
ach landslide the volume of eroded material is determined from
he soil depth and the area of the landslide. Using a rule-based
pproach derived from observation, the eroded material is routed
own thehillslope as a debris flow if the vegetation is forest or if the
andslide occurs in a gully. However, if the landslide occurs on a pla-
ar grass-covered slope, there is no onward transport. The model
as anoption to allow thedebris flow to collect additional sediment
y scouring along its track. Deposition by the debris flow occurs
nce the gradient falls below a certain critical value (the default
alue being 10◦) and takes place over the run-out distance, which
s calculated as a percentage of the difference in elevation between
he landslide location and the location of the critical gradient (the
efault value being 40%). The proportion of the material reaching
he channel network is then calculated and fed to the SHETRAN
ediment transport model for routing to the basin outlet (Fig. 1d).
Within SHETRAN, the spatial distribution of catchment prop-
rties, rainfall input and hydrological response is achieved in the
orizontal direction through the representation of the catchment
nd its channel system by an orthogonal grid network (Fig. 1b) and
n the vertical directionby a columnof horizontal layers at each grid
quare. However, grid resolution is typically large (as much as 1 or
km) compared with the length dimensions of shallow landslides
typically around 10–100m). The central feature of the landslide
odel, therefore, is the use of derived relationships (based on a
opographic index) to link the SHETRAN grid resolution at which
he basin hydrology and sediment yield are modelled, to a subgrid
esolution at which landslide occurrence and erosion is modelled
Fig. 1c). That is, using the topographic index, the SHETRAN grid
aturated zone thickness is distributed spatially at the subgrid res-
lution. If the factor-of-safety analysis indicates slope failure at a
ubgrid element, that element counts as one landslide. Through
his dual resolution design, the model is able to represent lands-
iding at a physically realistic scale while remaining applicable at
asin scales (up to 500km2) likely to be of interest, for example
eeding a reservoir. The subgrid discretization, landslide suscep-
ibility and potential landslide impact (e.g. sediment delivered to
he stream system) are determined in advance using a geographi-
al information system and this information is stored in a “look-up”
able. During the time-varying simulation SHETRANprovides infor-Please cite this article in press as: Bathurst, J.C., et al., Modelling the ef
Ecol. Eng. (2009), doi:10.1016/j.ecoleng.2009.05.001
ation on the temporal variation in soil moisture content as input
o the landslide model (Fig. 1d). As landslides occur, their prede-
ermined sediment impacts are passed to the SHETRAN sediment
ransport component from the look-up table and the sediment is
outed along the channel system to the basin outlet.
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Applications of the landslide model are described in Bathurst
t al. (2005, 2006, 2007). Some recent examples of applications
f the SHETRAN hydrological and sediment transport model are
resented in Lukey et al. (2000), Bathurst et al. (2002, 2004), Adams
t al. (2005) and Adams and Elliott (2006).
. SHETRAN data needs
The data required by SHETRAN are:
(i) precipitation and potential evaporation input data to drive the
simulation, preferably at hourly intervals;
(ii) topographic, soil, vegetation, sediment and geotechnical prop-
erties to characterize the catchment on a spatially distributed
basis;
iii) discharge records, sediment yield and a landslide inventory,
for testing the model output.
It is usually possible to obtain information on the catchment
roperty data through field measurements and laboratory anal-
sis and from national agencies. For example, the soil properties
equired for the infinite-slope analysis can be obtained from lab-
ratory analysis of field samples while digital elevation data are
rovided by national agencies (or even the worldwide web). How-
ver, it is rare outside small research basins to be able to obtain all
he required time-varying data. Rainfall data are often at the daily,
ather thanhourly, scale and a basinwith a landslide inventorymap
ay not also have, for example, sediment yield data. Various tech-
iques such as rainfall disaggregation and regional scaling of water
nd sediment discharges then need to be employed to fill the gaps
e.g. Bathurst et al., 2005, 2006, 2007).
. Simulation uncertainty
All river basin models are approximations of reality and their
imulation results are therefore subject to uncertainty. The sources
f the uncertainty include model design and evaluation of the
odel parameters (parameterization). It is emphasized that this
ncertainty does not prevent models from being applied usefully
ut an understanding of the causes and effects of the uncertainty
s essential for a realistic interpretation of the simulation output.
.1. Model accuracy
Several features of SHETRAN’s design limit the accuracy with
hich it can represent landslides. First, the one-dimensional
nfinite-slope analysis ignores all upslope, downslope and lateral
oundaries and is therefore subject to uncertainty where ground-
ater flow or topography produce forces that are significant in
irections other than slope-normal (e.g. Iverson and Reid, 1992;
ollison and Griffiths, 2004). Second, the model subgrid resolution
usually determined by the resolution of the available digital ele-
ation model) limits both the ability of the model to account for
opographic controls on landsliding, such as hillslope hollows andfect of forest cover on shallow landslides at the river basin scale.
ccur in one place while an apparently similar neighbouring site
emains stable (e.g. Montgomery et al., 1997; Burton et al., 1998).
he SHETRAN landslide model is therefore likely to be most rele-
ant tobasinswhere slopes are laterallyhomogeneous andgradient
ominates topography as the landslide control.
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.2. Parameter uncertainty
It is generally acknowledged that the parameterization of phys-
cally based, spatially distributed models involves uncertainty (e.g.
even and Binley, 1992; Beven, 2001, pp. 19–23; Guimarães et
l., 2003) and that this uncertainty must be accounted for in the
odel output. Sources of the uncertainty include:- the mismatch
etween the scales atwhich propertymeasurements aremade (e.g.
aturated conductivity is measured at the scale of an auger hole)
nd the model grid scale at which the parameter value is applied
a resolution of typically tens to hundreds of metres); the cur-
ent inability to measure all the model parameters at every model
ubgrid element (resulting in the use of estimated or assumed
alues) and, associated with the use of estimated values, poten-
ially unrealistic combinations of parameter values which may,
n reality, show some correlation, such as soil depth and topog-
aphy. Several techniques have been developed to quantify the
ffects of parameter uncertainty on output uncertainty, usually as
ome form of uncertainty envelope (e.g. Beven and Binley, 1992;
wen and Parkin, 1996; Guzzetti et al., 2006). Greater availability
f data can also constrain the uncertainty (e.g. Ebel and Loague,
006).
.3. Elimination of unrealistic landslides
The current impracticality of measuring the required landslide
odel parameters at every SHETRAN subgrid element across the
ntire basin means that the parameter values must be estimated in
ost cases, e.g. based on data obtained at a coarser resolution or
t a few sampling points. A certain proportion of elements is then
haracterized with unrealistic combinations of parameter values
e.g. a deep soil on a steep slope) and is simulated to be uncon-
itionally unstable, even in dry conditions. Before carrying out the
ime-varying simulation, it is thereforenecessary toeliminate these
nstabilities so that only siteswith physically realistic combinations
f parameter values are retained. One approach is to remove from
he analysis all landslides which occur at the very start of the sim-
lation (e.g. the first 24h) before any rain is applied (Bathurst et al.,
005, 2007).
0. Comparison of models
SHETRAN is one of three basin scale landslide models that have
aintained an appearance in the literature over the last decade, the
ther two being SHALSTAB and dSLAM/IDSSM. All three combine a
igital representation of topographywith an infinite-slope stability
odel and some form of hydrological model. Comparison of the
hree indicates a range of designs aimed at different applications.
0.1. SHALSTAB (shallow stability model)
This model is described in a number of publications (e.g.
ontgomery and Dietrich, 1994; Dietrich et al., 2001). It is the
implest process-based model that can account for topographic
ontrol on the pore water pressure development responsible for
hallow slope instability. The dominant control is assumed to be
ocal surface topography causing shallow subsurface flow conver-
ence, except at the steeper slopes where gradient becomes more
mportant. It is a steady state system (so does not represent time-
arying conditions). It assumes zero cohesion (so cannot representPlease cite this article in press as: Bathurst, J.C., et al., Modelling the ef
Ecol. Eng. (2009), doi:10.1016/j.ecoleng.2009.05.001
he binding effects of roots). Hydrology is represented solely by
roundwater flow, which is modelled spatially using a stream tube
ystem based on topography. Simulated landslides occur typically
t topographically determined flow convergences and can create
onfined debris flows along river channels. The model is aimed
E
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t the spatial distribution of the relative potential for landsliding
cross the landscape. In support of forestry operations it can be
sed to identify sites of high, medium and low hazard and thus the
reaswhere forestry canbepractisedmost safely. Its original region
f application was the western USA, typically in basins of hectares
o a few square kilometres but potentially also tomuch larger areas.
0.2. dSLAM/IDSSM (distributed shallow landslide
odel/integrated dynamic slope stability model)
Thismodel is described inWuand Sidle (1995), Dhakal and Sidle
2003) and Sidle and Ochiai (2006) amongst others. Like SHALSTAB
t generates landslides at sites of topographic flow convergence,
ith hydrology represented principally by groundwater flow mod-
lled spatially using a stream tube system based on topography. It
an create confined debris flows. However, it is a continuous simu-
ation model (so can allow for time-varying inputs) and contains
dynamic root cohesion model (so allows for time variation in
oot properties as a function of tree growth and logging). It does
ot incorporate evaporation, so is most applicable to wet autumn
nd winter conditions in temperate maritime regions. It has par-
icular strengths in assessing the spatial and temporal effects of
imber harvesting on slope stability. Its original region of applica-
ion was the Pacific northwest of North America, typically in basins
f hectares to a few square kilometres.
0.3. SHETRAN
This is a continuous simulation model incorporating the full
and phase of the hydrological cycle plus soil erosion and sediment
ransport. Whereas the other two models were designed explic-
tly as landslide models with the hydrology limited to what was
onsidered to be the dominant process, SHETRAN is a hydrology
odel to which a landslide component has been added. Root cohe-
ion is accounted for but is generally time invariant. In principle
he model can represent zones of topographic convergence but it
s probably more typically applicable to planar hillslope landslides
nd unconfined debris flows. Also, whereas the other two models
perate solely at the resolution of the digital elevationmodel, offer-
ng the potential to model the exact spatial location of individual
bserved landslides but over only a limited basin scale, the dual
esolution basis of SHETRAN limits the ability to model such a one-
o-one agreement but enables themodel to be applied at scales of at
east 500km2. Themodel’s strengths are in determining basin scale
atterns of landslide occurrence and sediment yield and assessing
and use and climate change impacts. Its current published areas of
pplication are the Alps and Pyrenees in Europe but it is potentially
pplicable to all geographical regions.
Currently there is no industry-standard approach to basin scale
andslide modelling and the topic continues to attract innovative
esearch efforts. Recent developments include Borga et al. (2002),
hen and Lee (2003), Vanacker et al. (2003), Iida (2004), Gorsevski
t al. (2006) and others covered by Meisina and Scarabelli (2007),
idle and Ochiai (2006) and a special issue of Hydrological Processes
Crosta and Frattini, 2008).
1. Example application: the Guabalcón basin, Ecuador
An application of the SHETRAN model to the Guabalcón basin,fect of forest cover on shallow landslides at the river basin scale.
cuador, is presented to show how a model can be used to
nvestigate the effectiveness of targeted reforestation in reduc-
ng landslides and to illustrate the capabilities and difficulties of
hysically based modelling. The available data set was incomplete
nd it is stressed that the application is therefore illustrative of a
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right).
echnique rather than an accurate portrayal of the test site. Never-
heless, it also shows how an imperfectly parameterized model can
till be used to carry out an initial exploration of a problem.
1.1. The Guabalcón basin
The Río Guabalcón has a basin area of 65.8 km2 and is part of
he Río Chanchán basin in the central Andean region of Ecuador.
he Chanchán itself is part of the Guayas system which drains to
he Pacific Ocean. The region is subject to shallow landslides and
ebris flows as well as spectacular deep-seated landslides.
Basin elevation ranges from 1370 to 4420m (Fig. 2) and three-
uarters of the basin has slopes of more than 25%. The geology
onsists of roughly two-thirds tertiaryperiod rocks (principallymid
o late Eocene to Miocene but with a small amount of Cretaceous
ormation at the head of the basin) and one-third quaternarymate-
ial. A range of soils has developed, varying with altitude. The head
f the basin is characterized by andosols, which have a high organic
ontent and remarkable water-holding properties, enabling them
o release water at an almost constant rate through the dry season
e.g. Buytaert et al., 2005; Harden, 2006). The middle and lower
arts of the basin are characterized by cambisols and leptosols (the
atter being shallow soils less than 0.25m deep overlying rock).
and use and vegetation change from the higher to lower elevations
n the sequence páramo (characteristic grassland on the andosols),
asture, cultivated land and pasture, and mattoral. Mean annual
ainfall varies considerably with altitude and location, from under
00mm at the lower elevations to over 1000mm at higher eleva-
ions. Total amounts may be rather higher in El Nin˜o years. Most of
he rain falls between January and May.Please cite this article in press as: Bathurst, J.C., et al., Modelling the ef
Ecol. Eng. (2009), doi:10.1016/j.ecoleng.2009.05.001
1.2. Data availability
Using a 10-m resolution digital elevation model (DEM), the
HETRAN grid was discretized with a 500-m resolution (Fig. 2) and
he landslide model subgrid resolution was set at 10m. Soil prop-
u
b
(
lin (left) with the SHETRAN grid showing elevations inmetres and the river network
rty data were obtained from laboratory analysis of soil samples
ollected in the Guabalcón and neighbouring river basins. These
ata include the soil hydraulic property curves needed for the
HETRAN hydrological model (i.e. the soil moisture/matric poten-
ial curve and the soilmoisture/hydraulic conductivity relationship,
an Genuchten, 1980). However, it was found necessary to adjust
he saturated conductivity values in the calibration process. Apart
rom the leptosols, the soils have two layers, of which the upper
as given a thickness of 0.25m based on measurements. The total
epth was adjusted in the calibration process and given a value of
m. Vegetation property data were based on a SHETRAN library
f values developed from past model applications (e.g. Lukey et
l., 2000). For the landslide model, root cohesion was based on lit-
rature data such as Sidle et al. (1985), Preston and Crozier (1999),
bernethy andRutherfurd (2001) and Sidle andOchiai (2006). Veg-
tation surcharge was assumed to be negligible.
Hourly rainfall records were obtained from six gauges, mostly at
r just beyond the western edge of the basin. These were processed
o provide model input in five altitudinal bands (corresponding to
he individual gauge elevations) plus a small sixth domain on the
estern edge of the basin. Daily potential evapotranspiration was
alculated for a reference condition using the Penman–Monteith
quation, from automatic weather station data available for
005–2007 at the Namza (1850m elevation), Chontamarca
2254m) and Marianza (3450m) stations, enabling an altitudinal
ependency to be determined. A baseline time series of model
ctual evapotranspiration was calculated for the calibration period
2007–2008) using the Penman–Monteith equation with data for
he Namza station (using a Food and Agriculture Organization cal-
ulator at http://www.fao.org/docrep/X0490E/x0490e00.HTM and
ssuming a grass cover); this series was then corrected for altitudefect of forest cover on shallow landslides at the river basin scale.
sing the dependency and distributed spatially according to the
ands used for rainfall input.
Discharge gauging stations were established in 2007 at Saguin
basin area 13.3 km2) and Pin˜ancay (57.35km2) but not at the out-
et (65.8 km2). Daily mean discharges and some point values were
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he rainfall data are for the (a) Pin˜ancay and (b) Tinajeras (located at the head of th
escribed in the text, rainfall data were not available for the Tinajeras raingauge in
vailable. Above Saguin, the basin has a good cover of páramograss-
and and shrubs and soil erosion is relatively limited. In the middle
asin, above Pin˜ancay, there is general cultivation, steep slopes,
hallow landsliding and rather higher erosion.
1.3. Calibration
The overall simulation period was June 2005–January 2008,Please cite this article in press as: Bathurst, J.C., et al., Modelling the ef
Ecol. Eng. (2009), doi:10.1016/j.ecoleng.2009.05.001
or which rainfall and evaporation data were available. Calibra-
ion, however, was limited to February 2007–January 2008, for
hich period discharge data were available. The principal cali-
ration parameters were the overland flow resistance coefficient
which was varied as a function of vegetation) and the soil depth
-
-) Saguin gauging stations for the calibration period (February 2007–January 2008).
) raingauges and are not necessarily representative of the full Guabalcón basin. As
riod before the dotted line.
nd saturated conductivity. Even so, as required by the physical
asis of the SHETRAN model, the parameter values were mostly
onstrained to lie within physically realistic ranges. The calibration
rocedure itself was limited to adjusting the parameters to opti-
ize the fit between the measured and simulated daily discharge
eries over the calibration period.
The calibration process was hampered by a number of factors:fect of forest cover on shallow landslides at the river basin scale.
the highly localized variations in rainfall are not well sampled by
the existing raingauge network. The altitudinally banded rainfall
input is therefore only an approximation of reality;
the spatial heterogeneity in rainfall rendered inaccurate theuseof
regression equations to fill gaps in raingauge records. For exam-
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Table 1
Values of the principal SHETRAN soil parameters for the simulations.
Soil type Soil layer Depth
(m)
Bulk dry density
(kgm−3)
Saturated conductivity
(mday−1)
Van Genuchten exponent ˛ for
soil moisture content/tension
curve (cm−1)
Van Genuchten exponent n for
soil moisture content/tension
curve (−)
Andosol Upper 0.3 550 2 0.00221 1.377
Lower 0.7 660 2 0.00102 1.138
Cambisol (eutric) Upper 0.25 1000 0.3 0.00061 1.421
Lower 4.0 1000 2 0.0004 1.601
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tambisol (vertic & dystric) Upper 0.25 1400 0.3
Lower 4.0 1500 2
eptosol 0.25 1390 0.1
ple, data were not available for the highest gauge, at Tinajeras,
for February and March 2007. The gap was filled using a region-
ally derived rainfall–altitude relationship but the resulting data
proved unsatisfactory for modelling some of the observed dis-
charge record;
the stage–discharge relationships derived for the river gauging
stations and used for converting the stage (i.e. water surface ele-
vation) measurements into discharge values may not be entirely
accurate, especially for the higher flows;
the evapotranspiration was calculated for a grass cover, which
may not be representative of all parts of the basin;
the calibration period, of just 1 year, is relatively short and may
therefore represent only a limited range of conditions;
there is some uncertainty associated with the soil parameter val-
ues as they are extrapolated to the grid squares on the basis of
spatially limited samples.
As a consequence itwas possible to achieve only an approximate
alibration and the comparison of the measured and simulated
ime series was carried out visually. Fig. 3 compares the simulated
nd measured daily discharges at the two gauging stations. There
s good order of magnitude agreement and the main events are
aptured by the simulation. However, there are also clear discrep-
ncies: for example, the inability to model the major hydrograph in
arch 2007 (because of the gap in the Tinajeras rainfall record)
s obvious. Also, the simulated discharges are more variable in
ime andmore responsive to rainfall than themeasured discharges.
otentially this suggests a difficulty in representing the distinctive
ater-discharging properties of the soil. It was found necessary to
pply relatively high saturated conductivity values to simulate the
onstant flow through the dry season. However, this arrangement
ay conflict with the requirement to simulate a slow subsurface
ransfer of rainwater to the river system in the wet season appar-
ntly indicated by the measured discharge response. On the other
and, thediscrepancy is greater for thePin˜ancay than for the Saguin
imulation; this is the opposite of what might be expected given
hat it is the andosols in particular which have the remarkable
roperties and these soils occur mainly in the Saguin headwaters.
t is not clear, therefore, to what extent the discrepancy reflects
eficiencies in the simulations or in the data. Therefore, given its
pproximate nature, the calibration is felt to provide a sufficient
echnical basis for landslide modelling in the basin but the results
hould be viewed as illustrative rather than an accurate represen-
ation of reality.
Values of the key model soil parameters are shown in Table 1.
he relatively high saturated conductivity values for the lower lay-Please cite this article in press as: Bathurst, J.C., et al., Modelling the ef
Ecol. Eng. (2009), doi:10.1016/j.ecoleng.2009.05.001
rs of the cambisols and andosols (2mday−1) were found to be
ecessary to simulate the characteristic water-discharging proper-
ies of the basin soil through the dry season. For the andosols this
onductivity was also applied to the upper layer. As data were not
vailable on the geotechnical soil properties needed for the infinite-
o
a
u
z
e0.278 1.377
0.278 1.601
0.0504 1.061
lope stability model, soil cohesion was set at 4.67kPa, soil angle of
nternal friction was set at 29.8◦ and soil depth to the shear surface
as set at 0.85mbasedondata collected in the SpanishPyrenees by
athurst et al. (2007). The Strickler overland flow resistance coef-
cient (inm1/3 s−1) (the reciprocal of the Manning coefficient) was
et at 2 for bushes and shrubs, 3 for crops, 4 for natural grass and 2
or native forest, i.e. a higher resistance for forest and shrubs than
or crops and grass.
It can be seen that there is a difference between the SHETRAN
rid soil depth and the landslide model subgrid soil depth (the
epth to the shear surface). This arises from calibration require-
ents and approximations in the model parameterization. When
uch cases occur, the model design ensures that soil moisture is
onserved between the two scales. However, the use of a single
epth to shear surface for the whole basin, where the soil depth
s variable, is likely to be a source of uncertainty for the landslide
imulations. Across a basin, soil depth can vary significantly. Typ-
cally this is as a function of geomorphology, so that deeper soils
ccur in hollows and areas of topographic convergence, while shal-
ower soils occur in more exposed areas such as ridges. Even within
small section of hillslope there can be a significant variation in
epth: Burton et al. (1998), for example, measured variations from
.1m to over 1.2mwithin a square of 250m×250m. Slope stability
alculations are sensitive to soil depth, with a consequent impact
n model simulations (e.g. Wu and Sidle, 1997). Minimizing the
rrors requiresdetaileddepthmeasurements across the catchment,
hich is currently unrealistic except over small areas.
1.4. Landslide simulations
An important first step in the SHETRAN model application is
etermining the spatial distribution of the critical saturated soil
epth required for a landslide to occur. (The saturated depth is cal-
ulated as a relative value, defined as the thickness of the saturated
one divided by soil depth, above the shear surface.) If during the
ubsequent simulation the time-varying saturated depth exceeds
he critical value at any point, then according to the model there
s a landslide. The spatial distribution of the critical saturated soil
epth thus effectively provides a map of the distribution of failure
robability; zoneswith a high critical depth have a high probability
f failure. A high probability of failure is also expected to correlate
ith high slope angle. Fig. 4 therefore compares the SHETRAN map
f critical saturated soil depth with the map of slope angle derived
rom the basin digital elevation model. The comparison confirms
hat zones of high slope angle have high probabilities of failure.
Superimposed on the maps in Fig. 4 are the landslide sitesfect of forest cover on shallow landslides at the river basin scale.
btained through the simulation. Mostly these are concentrated in
zone of high critical saturated depth and slope angle and of partic-
lar soil parameter values on the western side of the basin and this
one is shown in greater detail in Fig. 5. The area inwhite shows the
xtent of landsliding for a relatively weak vegetation root cohesion
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F depth (left) and the slope angle (right) for the Guabalcón basin. The depth is given as a
r in black (left) and white (right) for a root cohesion of 300Pa.
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Table 2
Number of landslides simulated for different values of root
cohesion.
Root cohesion (Pa) Number of landslides
300 78ig. 4. Comparison of the spatial distributions of the calculated critical saturated
elative value between 0 and 1, multiplied by 1000. Simulated landslides are shown
f 300Pa, characteristic of pasture. The area in black (which lies on
op of the white) shows how the extent is reduced as the cohesion
s increased to 1500Pa, at the low end of the range of additional
ohesion which can be provided by forest cover. In other words the
gure demonstrates thepotential for reducing landslides in a grass-Please cite this article in press as: Bathurst, J.C., et al., Modelling the ef
Ecol. Eng. (2009), doi:10.1016/j.ecoleng.2009.05.001
and terrain by planting trees. In this case, some but not all of the
andsliding would be eliminated.
Fig. 5 shows all the landslides obtained from the simulation
nd thus illustrates broad regions of potential instability. As noted
ig. 5. Close-up view of the main landslide zone comparing simulations with root
ohesions of 300Pa (white) and 1500Pa (black), superimposed on a map of slope
ngle.
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arlier, though, uncertainties in model parameterization mean
hat some of the model pixels are unconditionally unstable and
herefore fail independently of the simulation conditions. A more
ealistic consideration of landslide occurrence requires that these
e eliminated from the output, leaving only those landslides rel-
vant to the simulation period. In this case this was achieved by
liminating all the landslides which occurred in the first 24h of
he simulation. The number of simulated landslides is then much
maller and more realistic. Repeating the simulation with differ-
nt root cohesions gives the results shown in Table 2, where the
onclusion is clear: the stronger the cohesion, the less is the num-
er of landslides. Again this indicates the potential for controlling
andslide occurrence through tree plantation.
In viewof the imperfect data availability, it is acknowledged that
he numbers of simulated landslides and their spatial distribution
ould vary with different realizations of the basin soil, topogra-
hy and rainfall. However, the direction of change associated with
reater root cohesion would not be expected to change.
2. Conclusionsfect of forest cover on shallow landslides at the river basin scale.
The Guabalcón simulation demonstrates the use of physically
ased, spatially distributed landslide models for identifying the
reas of a river basin which are most susceptible to shallow lands-
iding and for quantifying the effect of different vegetation covers
n landslide incidence. Such models can therefore be proposed as a
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eans of testing and selecting strategies for the targeted reforesta-
ion of basins, i.e. of managing those parts of a basin most critical
or landslide occurrence. Of particular significance is that this task
an be pursued even with imperfect data availability. In this case,
he rainfall regime could not be characterized entirely satisfacto-
ily and the soil parameters were evaluated from spatially limited
amples. A great advantage of physically based models, though, is
hat, if there is a lack of measured data, their parameters can still
e evaluated using data from the literature, regional transpositions
nd professional judgement, options not open to simpler types
f model. Such parameterization is sufficient to allow an initial
xploration of a problem area. This can involve running the model,
arrying out a systematic investigation of trends and patterns (e.g.
f vegetation control on landslide occurrence) and quantifying the
ncertainty, and thus the potential costs, associated with making
ecisions on the basis of imperfect data provision. Of course, the
oorer the availability of measured data for constraining model
arameterization, the greater is the uncertainty in the model out-
ut. The extent to which that uncertainty is acceptable has to be
eighed against the cost of its reduction through the collection
f more detailed spatially and temporally varying data. However,
n agency will be faced with making a decision on, for example,
asin reforestation to control landsliding, whatever the availability
f data. Physically based modelling can improve the efficiency of
hat decision-making by making the best use of those data which
reavailable. Themodeloutput, though, shouldbe interpretedcare-
ully in the light of the parameter uncertainty.
3. Future needs
Improvedmodel performance could be obtained from improved
arameterization and from advances in model design. Examples of
he former include:
high-resolution topographic data. Even current DEMs with hori-
zontal resolutions of 10 or 20mmay not be sufficient to represent
the flow convergence zones which often form the sites of land-
slide occurrence. There is great interest, therefore, in the use of
airborne LIDAR (LIght Detection And Ranging), which has the
capability of providing vertical resolutions of a few centimetres
and horizontal resolutions of a few decimetres to metres (e.g.
McKean and Roering, 2004);
spatially distributed soil property data. Soil property data are
currently obtained from individual point measurements at soil
pits or auger cores which, for practical reasons, cannot be car-
ried out across the full basin scale. Future options for quantifying
soil properties across the basin may include remote sensing
techniques and the development of models which, for example,
determine soil depth as a function of topography (e.g. Dietrich et
al., 1995);
calibration data. In order to test models, there is a particular
need for basin-scale landslide inventories in which known (i.e.
recorded or mapped) landslide events are linked to recorded
rainfall events and for which river discharge and sediment trans-
port records are also available. The rainfall data need to be at
a sufficient resolution to represent local and elevation related
dependencies.
There are many areas in which model design could be refined.Please cite this article in press as: Bathurst, J.C., et al., Modelling the ef
Ecol. Eng. (2009), doi:10.1016/j.ecoleng.2009.05.001
hese include:
root cohesion. Current landslide models account for the binding
effect of vegetation through a single general root cohesion value.
However, there is considerable new understanding on how roots
C
C PRESS
neering xxx (2009) xxx–xxx
interact with the soil to provide additional apparent cohesion
which could be incorporated. An exciting development would be
the coupling of a root architecture and growth model (e.g. Dupuy
et al., 2005; Danjon et al., 2008)with a hydrological–geotechnical
landslide model, allowing feedback between forest growth
(including root systemsandwaterdemand), soilmoisture content
and slope stability;
slope stability. Current basin-scale models typically employ the
one-dimensional infinite-slope stability model because of its
practicality. However, this restricts accurate representation of
slope conditionswhere groundwater flowor topography produce
forces that are significant in directions other than slope-normal.
A more accurate approach would be to incorporate the two-
dimensional rotational slip model (Collison and Griffiths, 2004).
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